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Most  observations  of  physical  activity  exhibit  signiﬁcant  geographic  clustering.
 r  t i  c  l  e  i  n  f  o
rticle history:
eceived 7 August 2015
eceived in revised form 29 January 2016
ccepted 11 March 2016
vailable online 28 March 2016
eywords:
rban landscape
hildren’s health
nvironmental exposure
eographic information systems
and use and land cover
a  b  s  t  r  a  c  t
Research  increasingly  suggests  that  moderate  to vigorous  physical  activity  (MVPA)  is  essential  to  chil-
dren’s  health.  However,  little  is  known  about  the  extent  to  which  and when  different  urban  environments
inﬂuence  the extent  to which  children  engage  in  MVPA.  To  this  end,  this  study  explores  the  relationship
between  children’s  MVPA  and  urban  land  use  and  land  cover  (LULC)  for several  temporal  subdivisions
of  children’s  weekly  routines  (before  school,  after  school  and weekends).  In  particular,  the location  and
corresponding  level  of  physical  activity  of 4th  grade  students  (n  = 134)  was  recorded  using  paired  global
positioning  system  (GPS)  receivers  and  accelerometers  over  33  days  for each  student.  GPS  locations  were
temporally  related  to  accelerometry  records  and  then  geographically  related  to  13 categories  of LULC.
Mixed  linear  models  were  ﬁtted  to  evaluate  the extent  to which  duration  spent  in each  LULC  category
can  explain  individuals’  time  in MVPA  before  school,  after  school,  and  during  the  weekends.  Geographic
cluster  analysis  was  also  applied  to  assess  whether  any  signiﬁcant  spatial  relationships  between  obser-hysical activity vations  of  MVPA  may  exist.  Duration  of exposure  to  vegetated  parks/open  spaces,  built residential,  and
built  institutional  LULC  was  found  to signiﬁcantly  increase  children’s  time  spent  in  MVPA.  Further,  most
observations  of  MVPA  were  found  to exhibit  signiﬁcant  geographic  clustering  and were  predominately
associated  with  built  residential  areas  (particularly  those  near  schools),  indicating  the importance  of
neighborhoods  and  areas  in close  proximity  to  children’s  households  on their  level  of  physical  activity.
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1. Introduction
It is widely acknowledged that physical activity is central to an
individual’s health, for both youth and adults (CDC, 2011). However,
much less is known about where and when different individuals are
active and the inﬂuence of geographic and temporal dimensions
on physical activity (Jackson, 2003; McCrorie, Fenton, & Ellaway,
2014; Sugiyama & Thompson, 2007). A key problem underlying
this issue is that the spatial and temporal dynamics of individu-
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.
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ls’ can be very complex, making collection and analysis of such
ehaviors extremely challenging. Efforts to collect such individual
evel data have often relied upon voluntary self-report and direct
bservation methods (Davison & Lawson, 2006; Ding, Sallis, Kerr,
ee, & Rosenberg, 2011; Mackett, Lucas, Paskins, & Turbin, 2005),
ut inconsistencies in the geographic and temporal detail of the
ata reported can present problems in its analysis. Automated data
ollection devices such as global positioning systems (GPS), heart
ate monitors, and accelerometers now offer a more consistent
echanism for collecting information about individual’s physical
ctivity and can record a greater amount of geographic and tem-
oral detail about the locations at which it takes place (Dunton,
lmanza, Jerrett, Wolch, & Pentz, 2014; Eyre, Duncan, Birch, Cox, &
lackett, 2015; Evenson, Wen, Hillier, & Cohen, 2013).
While GPS and accelerometry can be jointly collected from indi-
iduals and used to learn more about the types of environments
ithin which physical activity occurs, little is known about how
choolchildren use space and how their temporal budgets over dif-
erent portions of the day or week can affect physical activity levels.
n order to analyze patterns of physical activity, one must account
or both the geographic location of the activity (i.e. via self-reported
ctivity diaries and global positioning systems) as well as the level
f physical activity occurring at that location (i.e. via accelerom-
ters) (Jones, Coombes, Grifﬁn, & van Sluijs, 2009; Mackett et al.,
005). Many protocols for the frequency at which locations are
ecorded (GPS records location at discrete intervals) and level of
hysical activity (accelerometers record activity over epochs) have
een suggested. For example, some collection efforts have used
.0 min  intervals/1.0 min  epochs (Oliver, Badland, Mavoa, Duncan,
 Duncan, 2010; Quigg, Gray, Reeder, Holt, & Waters, 2010), 30.0 s
ntervals/30.0 s epochs (Almanza, Jerrett, Dunton, Seto, & Pentz,
012; Dunton et al., 2013), 10.0 s intervals/10.0 s epochs (Cooper,
age, & Wheeler, 2010), 5.0 s intervals/1.0 min  epochs (Troped,
ilson, Matthews, Cromley, & Melly, 2010), 15.0 s intervals/15.0 s
pochs (Klinker et al., 2014). Given the variation in collection
fforts, comparison among study results is cumbersome at best.
or any reliable relationship between physical activity and loca-
ion to be evaluated, collection efforts should ideally be structured
o minimize temporal deviation among the measurement devices
nd maximize the frequency at which observations are recorded.
hat is, a ﬁner temporal resolution in data collection can provide a
ore detailed record of an individual’s behavior. Also, ﬁner res-
lution data can easily be aggregated to coarser analysis units
f desired. Likely the diversity of collection protocols that have
een explored are largely due to attempts to tradeoff collection
evice limitations (i.e., battery power, storage capability, etc.), data
rocessing capabilities, and the ability to adequately capture indi-
iduals’ behavior. Research on the relationship between physical
ctivity and location has also utilized a broad range of protocols for
ampling periods. For instance, studies have considered observa-
ions of individuals’ physical activity and location over a period of
wo days (Cooper et al., 2010), four days (Eyre et al., 2015; Jones
t al., 2009; Troped et al., 2010), or seven days (Dunton et al.,
013, 2014; Jerrett et al., 2013; Klinker et al., 2014; Oliver et al.,
010; Quigg et al., 2010. Since no studies have involved collec-
ion efforts over seven days, there is really no proof that these
hort-term collection periods are adequate for accounting for indi-
iduals’ physical activity and locational patterns though. Further,
he number of individuals observed over the course of the sam-
ling periods has also varied, from 100 to 367 individuals, with
linker et al. (2014) being the only study to consider over 300 par-
icipants. Likewise, studies have differed in the geographic extent
f the study site from which observations of physical activity and
ocation were sampled. For instance, Cooper et al. (2010) and Oliver
t al. (2010) focus on physical activity that occurs during trans-
ortation between locations such as home and school, Jones et al.ban Planning 151 (2016) 21–32
(2009), Troped et al. (2010); Almanza et al. (2012), Dunton et al.
(2014) consider activity occurring within some distance of home
and work/school, Quigg et al. (2010), Evenson et al. (2013), and
Wolf and Wohlfart (2014) assess individuals’ activity within parks,
Klinker et al. (2014) and Andersen, Klinker, Toftager, Pawlowski,
and Schipperijn, (2015) conﬁne observations of activity to school-
yards and other speciﬁc types of ‘domains’, while Jones et al. (2009)
and Dunton et al. (2013) associate activity with the broader type
of land use within which it was observed. This latter approach is
important given that more records of physical activity are retained
within a study region instead of limiting analysis to those occur-
ring within a speciﬁc type of environment. The types of land use
that are considered in the analysis of physical activity as well as the
way in which portions of the study site are associated with a par-
ticular land use category have differed though. For example, Jones
et al. (2009) use a variety of sources of land use data to group areas
into nine different land use categories (buildings, other built land,
gardens, parks, roads and pavements, beaches, woodland, grass-
land, and farmland). Dunton et al. (2013) rely upon a local land use
database classiﬁcation scheme and associate areas of their study
site with one of six land use types (residential, commercial, open
space, educational, public facilities, and other uses).
Continuous recording of observations of activity over space and
time may  provide a way to better understand the complex relation-
ship between physical activity and land use across a short period
of time. However, measuring the location of physical activity at the
frequency and over the duration needed to capture the behavior for
children necessitates a tremendous amount of data recording and
storage for just a single individual, let alone a set of individuals.
Longer-term, higher resolution data collection and evaluations are
likely needed to capture the geographic and temporal dynamics of
younger individuals. Shorter accelerometer epoch length is likely
more suitable for estimating the time spent in sporadic, short bursts
of MVPA (Edwardson & Gorley, 2010). Additionally, the analysis of
the land uses and land covers that may  inﬂuence physical activity
levels necessitates an in-depth collection effort to better account for
changes in LULC and physical activity over a larger period of time.
To better understand these issues, a longer-term, multi-period data
collection effort was  conducted to capture the location and activity
levels of schoolchildren to provide further insight on the relation-
ship between their level of physical activity and the urban land
uses and land covers (LULC) to which they are exposed. To this end,
a cohort of schoolchildren were enrolled in a longitudinal study
to capture detailed observations of their physical activity and loca-
tion using paired GPS and accelerometry. The relationship between
MVPA and LULC throughout the study region as well as over differ-
ent temporal regimes (i.e. times of day, days of week) were then
statistically analyzed.
2. Methods
To better understand the relationship between MVPA, LULC, and
children’s physical activity, 4th grade students (n = 134 with those
of 12 years (n = 1), 11 years (n = 11), 10 years (n = 105), and 9 years
(n = 17)) from four elementary schools in Columbia, Missouri (Fig. 1)
were recruited. Children of this age were selected because their
cognitive maturation is sufﬁcient for them to responsibly partici-
pate in the data collection (with support from parents/caregivers)
by following basic protocols for wearing and caring for the
measurement instrumentations. Both written consent from par-
ent/guardian and assent from the child were obtained as part of the
institutional review board approval of this study. Students were
provided a GPS receiver (QStarz BT-1300) and an accelerometer
(ActiGraph) so that the location and intensity of physical activ-
ity could be jointly measured. The students were instructed to
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ear these instruments for eleven continuous days in each of three
ollection periods in shoulder seasons (April 20–May 30, 2011;
eptember 20–October 30, 2011; April 20–May 30, 2012) for a
otal of 33 days of measurements per participants in an effort to
afeguard against data loss and collect as much quality data cov-
ring both school days, weekends as well as different seasons. The
tudents were asked to wear the instruments from the time they
woke to the time they went to bed, except for times at which data
as being off-loaded from the instruments. Each school day stu-ithin the United States.
dents met  with trained research staff to discuss equipment use and
were also assisted by teachers, and parents/guardians who were
provided written guidance on the operation of the collection instru-
ments. Research staff retrieved GPS and accelerometer data daily
and charged the GPS devices to mitigate data loss. Of the 134 stu-
dents enrolled in the project (62 girls and 72 boys), 95 students
participated in all three data collection periods with 19 and 21
students taking part in only two  or one of the eleven day sam-
pling periods respectively. These variations in student participation
2 nd Ur
w
b
G
W
m
a
i
f
r
m
t
e
c
o
r
m
f
w
i
t
t
d
c
e
a
(
s
f
p
u
s
w
r
a
a
ﬁ
a
2
a
C
t
i
o
p
i
t
F
i
t
T
o
a
t
v
c
a
s
a
i
c
a
r
p4 T.C. Matisziw et al. / Landscape a
ere primary due to children leaving or entering the study schools
etween collection periods.
As described earlier, a wide variety of collection intervals for
PS and accelerometry data have been utilized in prior research.
hile other studies have attempted to make use of less frequent
easurements and different measuring intervals for the GPS and
ccelerometers, frequent and consistent measurements are very
mportant when observing the behavior of school children. There-
ore, in this study, the GPS and accelerometers were conﬁgured to
ecord information at ﬁve second intervals in order to preserve as
uch spatial and temporal detail as possible and to facilitate the
emporal linkage among records from both devices. The accelerom-
ters were conﬁgured to record the number of movements (termed
ounts) occurring within each ﬁve second epoch (the ﬁve sec-
nds prior to the time at which the record was reported). The GPS
eceivers were conﬁgured to record an instantaneous measure-
ent of location every ﬁve seconds. Given that records are reported
or both devices at ﬁve second intervals, accelerometry records
ere related to GPS records based upon their temporal proxim-
ty. If the temporal range of an acceleromery record did not span
he collection time of any GPS record, it was not retained given
he absence of a locational identiﬁer. Only data from those stu-
ents having GPS records within the city boundary (Fig. 1) that
ould be related to accelerometry records on at least three differ-
nt days of each eleven day collection period were retained for
nalysis. In the end, data from 133 participants met  this criteria
some variation in the students between collection periods − 77
tudents with qualifying data in all three periods; 35 with quali-
ying data in two periods; and 21 with qualifying data in a single
eriod). In total, approximately 18,887 h (∼13.6 million records) of
sable paired GPS-accelerometry observations were retained for
ubsequent analysis. The paired records for all qualifying students
ere then rendered as point features in a GIS, with each point
epresenting the approximate location of ﬁve seconds of physical
ctivity.
In order to evaluate the landscape characteristic of the locations
t which MVPA was observed, areas within the study region were
rst associated with a land use/land cover type based upon a well-
ccepted biotope mapping approach (Cilliers, Muller, & Drewes,
004; Freeman & Buck, 2003; Frey, 1999; Werner, 1999). GIS
nd photogrammetric interpretation of the study site, the City of
olumbia, MO,  were used to digitize LULC polygons corresponding
o one of ten different categories documented on the city’s zon-
ng ordinance map. These categories were further subdivided into
ne of 142 distinct LULC types based on vegetation structure and
attern. While LULC types can be rendered in a variety of ways,
t is important to represent them in such a way to best denote
he space utilized by the subject of interest (Cilliers et al., 2004;
reeman & Buck, 2003; Frey, 1999). To this end, the 142 LULC types
n this study were systematically reclassiﬁed into 13 categories
hought to be most relevant to children’s daily activities (Fig. 2).
he LULC categories examined denote the primary use of areas
f the city—water, agricultural, commercial, industrial, residential,
nd institutional (e.g., school). The later ﬁve categories were fur-
her subdivided into those areas that are primarily comprised of
egetation or built features. For instance, agricultural, residential,
ommercial, institutional, and industrial areas could be classiﬁed
s vegetated if they are dominated by features such as woodland,
hrubland, grassland/lawns, or riparian areas (i.e. an area zones
s residential comprise of mostly woodland). Areas that are dom-
nated by paved areas, buildings, and other structures would be
lassiﬁed as built (i.e. a single family housing unit with some lawn
nd trees).
Next, the point observations of physical activity were spatially
elated with the 13 LULC categories in a GIS to attribute each
oint observation with a LULC category. Point observations wereban Planning 151 (2016) 21–32
then attributed with a binary variable indicating the presence of
MVPA, where MVPA is deﬁned as at least 2296 activity counts per
minute (or 191.33 counts per 5.0 s record) which would equate to
a metabolic equivalent (MET) of 4.43 and 0.05 EE using the energy
expenditure (EE) equation (Freedson, Melanson, & Sirard, 1993;
Puyau, Adolph, Vohra, & Butte, 2002). While some studies have con-
sidered higher thresholds on the number of activity counts thought
to correspond with MVPA (Ekelund et al., 2012), the 2296 count
threshold is utilized here given the diverse nature of the students
and the activities within which they are engaged (Nilsson et al.,
2008). In order to account for the inﬂuence of changes in the weekly
routines for the students, the point observations were classiﬁed
into three analysis groups: a) weekends (5am-11pm), b) weekdays
before school (5–8am), and c) weekdays after school (3–9pm). Out
of the qualifying observations of location and MVPA, ∼221.2 total
hours of MVPA was observed during the weekends, with ∼69 total
hours of MVPA observed weekdays before school and ∼370 total
hours of MVPA observed weekdays after school.
To explore how LULC may  inﬂuence MVPA over the three sub-
divisions of the week (weekends, weekdays before school, and
weekdays after school), mixed linear models were speciﬁed. The
mixed linear model approach was  selected given the hierarchi-
cal structure of the data collection effort—i.e. each student was
enrolled at one of four schools and participated in three different
measurement periods. Speciﬁcally, models were ﬁtted as shown
in Eq. (1) where the dependent variable is the amount of time
(number of 5.0 s epochs) during measurement period k in which
student i attending school v was observed in MVPA (Ykiv) and where
the duration (number of 5.0 s epochs) in measurement period k
in which individual i was exposed to each LULC type j (Xkij) are
the ﬁxed effects. Thus, the three data collection periods are mod-
eled as repeated measurements for each student where the student
level observations are further grouped by school to account for ran-
dom effects among schools(v),  among students(iv),  and within a
student’s set of measurement periods(εkiv).
Ykiv = ˇ0 +
∑
j
ˇjXkij + v + iv + εkiv (1)
Areas of the study site classiﬁed as major transportation infras-
tructure were not included in the statistical analysis given that they
support heavy vehicle trafﬁc and as such are not likely utilized by
children of this age range for physical activity. Additionally, any
measurements of physical activity along these major corridors can-
not be reliably separated from vehicle movement given the mode of
transportation was  not recorded. The results for each of the mixed
linear models can be summarized using Akaike’s Information Cri-
terion (AIC) and Schwarz’s Bayesian Criterion (BIC) computed for
the fully speciﬁed models as well as a null speciﬁcation (no ﬁxed
effects/intercept only). To better summarize the ability of the mod-
els to account for variation, the marginal R2 and conditional R2
proposed by Nakagawa & Schielzeth (2013) as well as the propor-
tion change in variance (PCV) of the random effect components
between the null and fully speciﬁed models can also be assessed.
Aside from the statistical relationship between LULC and MVPA, it
is also important to consider the geographical relationships among
locations in the study site that may  inﬂuence MVPA (McCrorie
et al., 2014). To accomplish this while protecting the privacy of
participant information, the study area was partitioned into 8051
areal units approximately 150 m × 150 m in size (note: data was  not
aggregated in this manner for the mixed level modeling detailed
earlier). The paired GPS-accelerometry records corresponding to
the three analysis periods (before school, after school, and week-
end) were then related to the areal unit within which they are
located. Next, the local G∗
i
statistic of Getis and Ord (1992) was
applied to test for the presence of signiﬁcant geographic cluster-
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r lower number of observations of MVPA. The G∗
i
was  selected
iven that it evaluates the relationship between the value of an
real unit of analysis with respect to the values of other areal units
ithin a deﬁned neighborhood. Given that the entire study area
as partitioned into a systematic grid of areal units of the same
ize and shape to which the individual level data was aggregated,
he Queen’s criterion, in which areal units are considered neigh-
ors whenever they share an edge or vertex of their boundary with
nother areal unit, was  used to deﬁne the spatial weights in this
pplication.
. Results
.1. Weekdays before school
Table 1 summarizes the average exposure to each LULC cate-
ory (and average proportion of student’s time in each LULC) for
he cohort of qualifying students for each analysis period: a) over
ll observations of location, b) over observations of location that are
ccompanied by some level of physical activity, and c) over obser-
ations of location that correspond with MVPA. Weekdays before
chool,  individuals were observed spending on average well over
0% of their time, regardless of their level of physical activity, in
uild residential and institutional areas. While there was  on aver-
ge 834 min  spent in these two LULC before school, physical activitys for study area.
was only recorded for an average of 156 min  with an average of 30.7
of that being classiﬁed as MVPA. On average, a little over seven
minutes of any level of physical activity was  observed in all other
LULC.
A summary of the results of the mixed linear model for week-
days before school is presented in Table 2. The estimated model
indicate that, during this period of the week, time spent in each
of the LULC categories was only able to explain 33.2% of the vari-
ation of time spent in MVPA with the ﬁxed and random factors
collectively explaining about 53.6% of the variance (Table 2). The
weekday before school hours were the only analysis period in
which some variation among schools was  present (albeit non-
signiﬁcant). Variation in the random effects among students and
within their measurement periods was  found to be statistically
signiﬁcant though this variation decreased from that present in
the null model as indicated by the PCV values. In before school
hours, vegetated parks/open spaces as well as built institutional
and built residential LULC were found to be signiﬁcantly associated
with time in MVPA. The coefﬁcients on these independent variables
and/or the coefﬁcients bounding the 95% conﬁdence interval can be
used to approximate how a unit change in each ﬁxed variable can
inﬂuence change in MVPA assuming that all other ﬁxed variables
do not change. Since, the ﬁxed variables indicated the number of
5.0 s blocks of exposure to each LULC, the coefﬁcients can be mul-
tiplied by 5.0 to obtain the additional seconds of MVPA that could
result from each 5.0 s block of time spent in a particular LULC. For
26
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Table 1
Average time (minutes) in which qualifying participants were observed in LULC categories for all recorded locations, locations associated with some level of physical activity, and locations associated with MVPA.
All Recorded Locations Locations of Physical Activity Locations of MVPA
before school after school weekend before school after school weekend before school after school weekend
LULC Category avg. min % time avg. min  % time avg. min  % time avg. min % time avg. min  % time avg. min % time avg. min  % time avg. min  % time avg. min  % time
Park /open space vegetated 34.7 2.62% 163.6 5.57% 237.4 8.76% 1.7 0.71% 59.3 5.94% 67.9 8.50% 0.4 0.74% 17.6 5.99% 17.5 8.94%
Residential  vegetated 7.8 0.66% 33.2 1.27% 29.9 1.29% 0.3 0.20% 12.4 1.72% 8.3 1.33% 0.1 0.24% 2.9 1.83% 1.8 1.52%
Commercial vegetated 1.0 0.17% 3.3 0.25% 5.5 0.73% 0.1 0.07% 1.4 0.31% 2.2 0.77% 0.0 0.08% 0.3 0.32% 0.6 0.85%
Industrial vegetated 0.1 0.02% 0.1 0.00% 0.3 0.01% 0.0 0.01% 0.0 0.01% 0.1 0.01% 0.0 0.01% 0.0 0.01% 0.0 0.01%
Agriculture vegetated 2.1 0.27% 10.5 0.93% 6.2 0.81% 0.2 0.08% 3.1 1.07% 2.4 1.24% 0.0 0.10% 0.7 1.20% 0.5 1.10%
Institutional vegetated 0.0 0.01% 0.3 0.01% 1.1 0.04% 0.0 0.02% 0.1 0.01% 0.0 0.01% 0.0 0.01% 0.0 0.00% 0.0 0.00%
Institutional built 234.7 29.28% 94.3 5.35% 33.3 1.84% 67.0 45.96% 32.3 5.38% 12.0 2.08% 13.1 46.00% 7.3 5.54% 2.8 2.26%
Residential  built 599.6 63.85% 1902.4 76.64% 1838.1 76.09% 89.1 50.47% 572.3 74.96% 380.8 70.93% 17.6 50.65% 130.6 74.62% 84.3 70.14%
Commercial built 28.4 2.71% 146.2 8.49% 137.2 9.21% 4.1 2.01% 50.8 8.75% 42.5 13.19% 0.6 1.88% 11.1 8.69% 9.6 13.25%
Industrial  built 1.7 0.17% 9.4 0.44% 8.4 0.57% 0.2 0.10% 3.7 0.64% 3.0 1.03% 0.0 0.12% 0.8 0.53% 0.7 1.22%
Park/  open space built 0.4 0.05% 16.1 0.65% 5.1 0.19% 0.1 0.03% 6.9 0.76% 2.0 0.21% 0.0 0.01% 1.8 0.86% 0.4 0.20%
Transportation built 1.4 0.19% 5.4 0.29% 5.3 0.40% 0.5 0.33% 1.9 0.34% 1.7 0.57% 0.1 0.16% 0.4 0.28% 0.3 0.40%
Water  0.0 0.00% 1.2 0.09% 1.0 0.06% 0.0 0.00% 0.6 0.11% 0.5 0.13% 0.0 0.00% 0.1 0.12% 0.1 0.11%
T.C. Matisziw et al. / Landscape and Urban Planning 151 (2016) 21–32 27
Table  2
Before school time in MVPA explained by duration of exposure to LULC categories.
Parameter Estimate Std. Error tb Sig. Lower bounda Upper bounda
Fixed
Effects
Intercept −41.816 36.323 −1.151 0.294 −130.737 47.106
Parks−veg. 0.152 0.018 8.287 0.000 0.116 0.189
Residential−veg.  −0.010 0.036 −0.269 0.788 −0.080 0.061
Commercial−veg. −0.349 0.761 −0.459 0.647 −1.847 1.149
Industrial−veg.  1.622 2.672 0.607 0.544 −3.636 6.881
Agricultural−veg.  −0.212 0.589 −0.360 0.719 −1.370 0.947
Institutional−veg. 3.783 4.006 0.944 0.346 −4.103 11.668
Institutional−built 0.048 0.012 3.864 0.000 0.023 0.073
Residential−built 0.036 0.004 8.648 0.000 0.028 0.044
Commercial−built 0.015 0.023 0.665 0.507 −0.030 0.060
Industrial−built  0.313 0.372 0.842 0.400 −0.418 1.044
Parks−built  −0.333 1.976 −0.169 0.866 −4.223 3.556
Water 83.415 50.267 1.659 0.098 −15.537 182.366
Random
Effects
Residual 37582.5 3915.1 9.599 .000 30641.8 46095.4
School 3048.7 3031.7 1.006 0.315 434.2 21408.0
Student 9380.4 3510.3 2.672 0.008 4504.9 19532.3
AIC (null model) = 4325.87, AIC (full model) = 4204.75, BIC (null model) = 4340.77.
BIC (full model) = 4268.11, Marginal R2 = 0.3822, Conditional R2 = 0.536.
P
e
v
(
s
i
3
v
a
t
W
s
g
c
i
d
t
c
t
a
a
p
d
i
i
v
o
i
e
s
t
i
3
t
a
8
uCVresidual = 40.1%, PCVstudent = 30.3%, PCVschool = −165%.
a 95% conﬁdence interval.
b For random effects the Wald Z is reported.
xample, the results indicate that for each additional 5.0 s spent in
egetated parks/open spaces, time spent in MVPA increases ∼0.58
i.e. 5.0 × 0.116) to 0.94 (i.e. 5.0 × 0.189) seconds while for each 5.0 s
pent in built institutional and built residential land uses, MVPA
ncreases ∼0.12 to 0.36 s and ∼0.14 to 0.22 s respectively.
.2. Weekdays after school
As summarized in Table 1, during weekdays after school,  indi-
iduals spent on average of 75% of their time in built residential
reas. An average of 572 min  of physical activity was  observed in
his LULC with an average 131 of those minutes classiﬁed as MVPA.
hile average time in physical activity and MVPA decreased con-
iderably in built institutional areas during after school hours, a
reater amount of time in MVPA was observed in built commer-
ial (avg. 11.1 min) and vegetated park/open space (avg. 17.6 min)
ncreased considerably as compared to weekdays before school.
The results of the mixed level model for weekdays after school
etailed in Table 3 indicate that, approximately 43.5% of the varia-
ion in time spent in MVPA is explained by time spent in the LULC
ategories while 56.0% of the variation can be explained by both
he ﬁxed and random effects. Unlike before school hours, no vari-
tion among schools was present during this portion of the week
nd only variation among students and within their measurement
eriods was found to be present and signiﬁcant. Signiﬁcant pre-
ictors of MVPA in this analysis period again include time spent
n vegetated park/open space as well as built industrial and res-
dential LULC. Out of these predictors, every 5.0 s of exposure to
egetated parks/open spaces results in ∼0.48–0.79 additional sec-
nds in MVPA, 5.0 s of exposure to built institutional areas results
n ∼0.37–1.18 additional seconds in MVPA, while every 5.0 s of
xposure to built residential areas results in ∼0.25–0.35 additional
econds in MVPA. Although not as strongly signiﬁcant, each addi-
ional 5.0 s of exposure to vegetated residential areas was found to
ncrease time spent in MVPA by ∼0.01–0.90 s.
.3. Weekends
On weekends, individuals spent on average more than 70% of
heir time (physically active or not) in built residential areas with
n average of 381 min  of physical activity containing an average of
4 min  of MVPA. During weekends, individuals were also observed
tilizing vegetated parks and build commercial LULC to a greaterextent, where they spent on average 20% of their time in MVPA
(Table 1).
The results of the mixed level model for weekends indicate
that about 30.6% of the variation in time spent in MVPA could be
explained by time exposed to the various LULC while 35.0% explain-
able when accounting for the random affects as well (Table 4). As in
weekday hours after school, there was no variation among schools
and variation within students’ measurement periods was  signiﬁ-
cant, however, while present, variation among students was not
found to be signiﬁcant in the random effects. Again, the PCV val-
ues indicate a decrease in both variation within the measurement
periods and among students when moving from the null/intercept
model to the fully speciﬁed model accounting for ﬁxed affects. Like-
wise, in this analysis period, vegetated parks/open space and built
residential, and built institutional were found to be signiﬁcantly
associated with MVPA with additional 5.0 s of exposure leading
to increases 0.24–0.50, 0.31–2.93, and 0.11–0.20 s respectively in
MVPA.
Although vegetated parks/open spaces and built residential
areas appear to account for the bulk of MVPA observed during
this study, the geographical distribution of MVPA was  assessed
more broadly. Fig. 3 shows the location and level of MVPA over
the 33 days on which GPS and accelerometry data were recorded
for all LULC examined. While all of these locations are classiﬁed as
hosting MVPA, the number of observations of MVPA (each obser-
vation represents 5.0 s of MVPA) in the areal units of analysis vary
dramatically. Before school (Fig. 3a), MVPA was observed in approx-
imately 7.3% of the city’s area and the number of observations of
MVPA per analysis zone was generally rather low, with a mean of
7.6 min  (91 observations) of MVPA observed per zone. During this
time of day, only about 0.2% of the city’s area hosted more than
30 min  (360 observations) of MVPA and these areas were primarily
located at or near the four school sites. After school (Fig. 3b), MVPA
becomes much more geographically distributed, with about 24% of
the study region hosting some level of MVPA, with a mean of about
12.25 min  (147 observations) per zone. During after school hours,
almost 2% of the city’s area hosted more than 30 min of MVPA. While
some of these areas of higher MVPA were proximate to the schools,
they were much more decentralized than before school hours. On
weekends (Fig. 3c), some level of MVPA was  observed in almost
21% of the city’s area, with a mean of 8.5 min  (102 observations)
of MVPA occurring in each analysis zone. During weekends, about
1.3% of the city’s area hosted more than 30 min  (360 observations)
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Table  3
After school time in MVPA explained by duration of exposure to LULC categories.
Parameter Estimate Std. Error tb Sig. Lower bounda Upper bounda
Fixed
Effects
Intercept 30.723 77.267 0.398 0.691 −121.504 182.951
Parks−veg. 0.127 0.015 8.321 0.000 0.097 0.157
Residential−veg.  0.090 0.045 1.991 0.047 0.001 0.179
Commercial−veg.  0.053 0.493 0.108 0.914 −0.917 1.023
Industrial−veg.  0.149 19.460 0.008 0.994 −38.142 38.440
Agricultural−veg.  0.025 0.141 0.176 0.861 −0.252 0.302
Institutional−veg.  1.229 1.812 0.678 0.498 −2.338 4.795
Institutional−built 0.155 0.041 3.804 0.000 0.075 0.235
Residential−built 0.060 0.005 11.184 0.000 0.049 0.070
Commercial−built 0.026 0.034 0.765 0.445 −0.040 0.092
Industrial−built  0.007 0.211 0.031 0.975 −0.408 0.421
Parks−built 0.109 0.109 0.993 0.321 −0.107 0.324
Water −0.015 0.463 −0.032 0.974 −0.926 0.897
Random
Effects
Residual 374563.92 38907.59 9.627 0.000 305568.03 459138.78
Student 106058.92 36199.86 2.930 0.003 54327.10 207051.28
AIC (null model) = 5057.34, AIC (full model) = 4924.42, BIC (null model) = 5072.26.
BIC  (full model) = 4984.1, Marginal R2 = 0.435, Conditional R2 = 0.560.
PCVresidual = 32.6%, PCVstudent = 62.7%.
a 95% conﬁdence interval.
b For random effects the Wald Z is reported.
Table 4
Weekend time in MVPA explained by duration of exposure to LULC categories.
Parameter Estimate Std. Error tb Sig. Lower bounda Upper bounda
Fixed
Effects
Intercept 69.821 43.516 1.604 0.110 −16.058 155.700
Parks−veg. 0.075 0.013 5.897 0.000 0.050 0.100
Residential−veg.  0.035 0.049 0.713 0.477 −0.062 0.132
Commercial−veg.  −0.696 1.503 −0.463 0.644 −3.658 2.267
Industrial−veg.  −4.998 6.871 −0.727 0.468 −18.538 8.543
Agricultural−veg.  0.184 1.249 0.148 0.883 −2.277 2.646
Institutional−veg.  −2.624 34.396 −0.076 0.939 −70.408 65.159
Institutional−built 0.324 0.133 2.436 0.016 0.062 0.587
Residential−built 0.031 0.005 6.775 0.000 0.022 0.040
Commercial−built 0.033 0.025 1.300 0.195 −0.017 0.082
Industrial−built  0.058 0.102 0.567 0.571 −0.143 0.259
Parks−built 5.524 3.105 1.779 0.077 −0.596 11.643
Water −4.254 6.636 −0.641 0.522 −17.332 8.824
Random
Effects
Residual 144634.85 18184.36 7.954 0.000 113045.89 185050.86
Student 9612.84 12973.09 0.741 0.459 682.50 135393.75
AIC (null model) = 3372.947, AIC (full model) = 3328.34, BIC (null model) = 3394.575.
BIC (full model) = 3382.855, Marginal R2 = 0.306, Conditional R2 = 0.350.
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a 95% conﬁdence interval.
b For random effects the Wald Z is reported.
f MVPA and unlike before and after school hours, this activity was
enerally not located on school grounds.
The results of the Gi* statistic are shown in Fig. 4 to better assess
he extent to which locations may  exhibit signiﬁcant geographic
lustering of high or low observations of MVPA. Therefore, clus-
ers can be interpreted as zones of concentrated MVPA indicating
n environment amenable to MVPA in order to better discrimi-
ate against more isolated observations of MVPA. In this study,
nly clustering among areas having a higher number of observa-
ions of MVPA (e.g. areas having a high number of observations
f MVPA neighboring other areas having high number of observa-
ions of MVPA) was found to be signiﬁcant at the 90% conﬁdence
evel or greater. In fact, the majority of the areas exhibiting clus-
ering of higher observations of MVPA were signiﬁcant at the 99%
onﬁdence level (98% of areas before school – Fig. 3a, 84% of the
reas after school – Fig. 3b, and 78% of the areas on the week-
nd – Fig. 3c). Before school observations of MVPA were generally
ound to be signiﬁcantly clustered within 600 m of each school loca-
ion. Also, before school 86% of all observed MVPA in the study
rea occurred within the areas of signiﬁcant clustering. Land use in
hese small clusters was dominated by residential (76% built and4% vegetated) with 17% vegetated parks and open spaces and 6%
built institutional areas. However, nearly all observations of MVPA
in these clusters occurred in built residential LULC (53%) or built
institutional (46%) LULC. After school, the geographic extent of
signiﬁcant clusters of high occurrence of MVPA greatly increases
(Fig. 3b). During this time period, signiﬁcant clustering around each
school expands, involving more distant locations (within 1600 m)
of the schools. Aside from school locations, notable clusters can also
be found at ﬁve other locations in the study region. After school,
73% of all MVPA recorded in the study region was found to occur
within the areas of signiﬁcant clustering. The land use associated
with signiﬁcantly clusters of MVPA after school is predominately
residential (63% built and 5% vegetated) with notable amounts of
park and open spaces (13% vegetated and 1% built), commercial
(11%—mostly built) and vegetated agricultural (6%) areas. However,
81% of the MVPA within the clusters occurred in built residential
LULC, 11% in vegetated parks and open spaces, and 5% in built insti-
tutional LULC. On weekends, 67% of MVPA in the study region was
part of a signiﬁcant cluster and the extent of clustering resembles
that observed after school (Fig. 3c), but with a notable decrease in
the size of the clusters associated with the school locations. During
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Fig. 3. Location and number of observations of MVPA: (a) before school, (b) after
school, and (c) weekends.
Fig. 4. Signiﬁcant clustering of MVPA: (a) before school, (b) after school, and (c)
weekends.
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his period, there is also a discernable growth in a few of the other
on-school clusters. In general, the LULC associated with signiﬁcant
lusters is still predominately residential (56% built and 4% vege-
ated), with an increase in parks and open spaces (26% vegetated
nd 1% built), commercial (8%—mostly built), and vegetated agri-
ultural (3%). As in the other time periods, observed MVPA occurred
ainly in built residential (∼79%) with much of the remainder
ccurring in vegetated parks and open spaces (∼19%) and built com-
ercial (∼2%) LULC. These clustering results indicate that not only
oes built residential LULC underlie a vast majority of the observed
VPA, but the land use surrounding built residential areas is also an
mportant factor contributing to higher MVPA. Moreover, the parks
nd open spaces within the clusters in which MVPA was observed
ere either very proximate to one of the four schools and/or adja-
ent to a built residential area in the cluster. Therefore, these results
rovide further evidence that neighborhoods and their proximity
o schools and parks provide an important environment for MVPA.
. Discussion
Given the variability in protocols used to analyze physical activ-
ty with respect to the urban environment, a variety of results have
een reported by studies that have coupled GPS and accelerome-
ry measurements. For instance, research has indicated that most
VPA occurs in close proximity to a child’s home (Jones et al., 2009;
cCrorie et al., 2014), Quigg et al. (2010) report that parks account
or very little of children’s daily MVPA, while Jerrett et al. (2013)
eport that children in smart growth neighborhoods are more likely
o spend more time in MVPA (Jerrett et al., 2013). Further, Dunton
t al. (2014) ﬁnd that ‘greenness’ can increase park use while the
esearch of Klinker et al. (2014) suggests that children spend larger
roportions of their in MVPA on school property, sports facilities,
nd urban green spaces and a relative small proportion of their
VPA at home. The research reported in this article provides evi-
ence that indeed supports many of these relationships. However,
his research also highlights that variations in geographic con-
ext and the temporal constraints affecting schoolchildren can also
ffect the extent to which these relationships present themselves.
This study examines the relationship between LULC and the
evel children’s MVPA in an urban setting. Observations of location
nd physical activity were recorded using GPS and accelerometers
nd were then related to underlying LULC. While other studies have
imited data collection to at most seven days of observation for each
ndividual, here the level of activity and location for each partici-
ant was collected over 33 days. This robust data collection effort
as essential for capturing weekday as well as weekend activity
ata and accounting for variations in children’s behavioral patterns.
oreover, each individuals’ activity was analyzed for three differ-
nt time periods (before school, after school, and on weekends) to
etter understand the extent to which these temporal regimes may
ffect the relationships between MVPA and LULC. Results indicate
hat time spent in vegetated parks/open space and built residential
reas have a signiﬁcant positive relationship to time spent in MVPA
cross all three time periods considered. Although much less over-
ll time was spent in parks in each time period than that spent in
esidential areas, this seems to substantiate other studies that indi-
ate the positive impact that parks can have on MVPA even though
hildren use these less relative to other LULC (Dunton et al., 2014;
venson et al., 2013; Quigg et al., 2010). Perhaps more importantly,
he ﬁnding that the majority of MVPA was clustered in residential
reas (and near schools), supporting the high importance of areas
lose to home and school and neighborhood environments to chil-
ren’s physical activity (Jones et al., 2009; McCrorie et al., 2014).
uration of time spent in LULC classiﬁed as built institutional and
uilt residential was also shown to be signiﬁcantly related to timeban Planning 151 (2016) 21–32
spent in MVPA before and after school and on weekends. Given
the age of the participants, a possible explanation for the greater
relationship between MVPA and build institutional, residential and
vegetated parks is that these LULC may  be more conducive to joint
parent/guardian and child activities (Dunton et al., 2014).
Although MVPA was  observed in all LULC, it is clear that the geo-
graphic distribution of MVPA is affected by the temporal regime.
Thus, given the limitations on time before school, the activity space
for MVPA is relatively consolidated around home and school as con-
ﬁrmed by the spatial distribution of MVPA illustrated in Fig. 2a.
After school and weekends certainly would offer a greater amount
of temporal ﬂexibility for the children, allowing them to engage in
physical activity over a broader range of LULC, again as depicted in
Fig. 2b–c.
Though a statistical cluster analysis, areas of signiﬁcant geo-
graphic clustering of areal units of analysis were identiﬁed. Coupled
with the mixed linear model results, the clusters provide some
further insight on factors that may  inﬂuence the geographic distri-
bution and magnitude of MVPA before and after school as well as
on the weekends. Before school, MVPA is geographically dispersed
(Fig. 2a), likely very near to the students’ residence with the major-
ity (86%) signiﬁcantly clustered in very close proximity to school
(Fig. 3a). After school, when there is presumably more time avail-
able to engage in a broader range of activities, the location of MVPA
becomes more geographically dispersed (Fig. 2b) with the majority
of MVPA signiﬁcantly clustered in built residential or in adjacent
vegetated parks and open spaces LULC (Fig. 3b). During this period,
nearly 73% of all MVPA within the region was  observed within the
signiﬁcant clusters identiﬁed. On weekends, a geographic distribu-
tion of MVPA (Fig. 2c) similar to that occurring after school was
found. However, on weekends, the size of the clusters did decrease
in some instances and only 67% of the total MVPA in the study
region was within one of the clusters. This change indicates that on
weekends, children’s locational constraints may be more relaxed,
resulting in less clustering of physical activity.
4.1. Limitations
With the growing amount of research exploring the rela-
tionships between physical activity and the environment, it is
important to detail those factors that are likely to vary study-to-
study. In studies such as this one where physical activity is observed
over extended periods of time for populations that are relatively
mobile, it can be expected that there will be less consistency in
participation. For example, over the duration of this study, some
participants were not involved in all collection periods for rea-
sons such as transferring schools, illness, etc. Given this type of
attrition/addition is a reality of longer term data collection efforts,
shoulder season collection periods were selected in this study in
an attempt to reduce the impact of variations in participation over
the collection periods. Additionally, variations in the data collected
from individuals can manifest from a range of factors such as prob-
lems with the measurement devices (i.e. pairing, functionality,
storage, data retrieval, etc.) and differences in user’s/care giver’s
adherence to usage protocols. As an example, one might anticipate
that participation in organized sports on weekends might in part
explain MVPA, there were instances when students had to remove
the devices at the request of their instructors for safety reasons.
Another limitation that can arise in studies such as this are those
due to the spatial scale of analysis. For instance, the cluster analysis
presented in this article was  based upon individual point obser-
vations aggregated to 150 m × 150 m polygons. While this type of
spatial aggregation helps to keep individual information anony-
mous, one must then take into account how the choice of areal
unit may  affect the outcome of the analysis (Matisziw & Hipple
2001; Matisziw, Grubesic, & Wei, 2008; Openshaw, 1984). The fac-
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ors that may  underscore physical activity levels in children are
ikely to be very individualistic and not easy to generalize. As such,
he decision was made in this analysis to not mix  the automatically
ollected location and physical activity with self-reported charac-
eristics given that the former are dynamic while the later are more
tatic. Also, a number of confounding factors could be present in
elf-reported information for this age group. For instance, reported
ousehold location and characteristics may  have little to do with
he student’s actual living conditions given that a child’s residence
ould have changed during the study period or they may  have
pent time at the homes of others under that care of a different
dult. While other studies have found that many health and socio-
conomic characteristics, such as BMI, age, elements of community
esign, income, and race in children of age 9–12 (Almanza et al.,
012) were not signiﬁcantly related to MVPA, those types of char-
cteristics should still not be ruled out in future work. While data
as collected during the school day, it was not included for a vari-
ty of reasons. First, recess time is limited to 15 or 20 min  a day.
here is some movement to lunch room but little moderate or vig-
rous physical activity during the school day by nature of the how
chools are run in the United States. Second, there were times dur-
ng the day when the GPS devices were serviced by research staff,
o consistent collection of data would be very difﬁcult.
While attempts to classify GPS records by mode of travel (i.e.
alking, vehicular, etc.) or as belonging to a geographic feature with
 very small footprint (i.e. a building) are relatively common, such
lassiﬁcations were not applied in this study given their potential
or introducing misclassiﬁcation error. In order to reliably classify
PS records by mode of travel or as inside/outside a building, the
PS records must be supplanted by some other observation of loca-
ion such as self-reported or directly observed information. Given
hat direct observation of many participants in long term studies
s generally not feasible, it is preferable to apply simpler classiﬁca-
ions schemes to the locational data to capture the basic geographic
ontext recognizing the positional uncertainty of the GPS data and
he other geographic information with which it is being compared.
hus, while dozens more LULC could have been evaluated in this
tudy, this was  a major reason for limiting analysis to 13 broader
ULC.
. Conclusion
Given the dynamic nature of children it is necessary to exam-
ne their activity in different temporal regimes (i.e. weekdays and
eekends) as well as in different seasons. Therefore, this study
equired obtaining a larger set of individual observations than that
ypically acquired. In this study, data were collected from each indi-
idual for three, eleven day periods and the relationship between
hese data and LULC in the study region were observed over the
ourse of the entire 33 days of observation. While the resulting data
ere voluminous and labor intensive to collect and process, this
ype of spatial-temporal detail was beneﬁcial and likely necessary
or a variety of reasons. First, when working with school children,
onsistent data collection over is not a reality. For instance, col-
ecting data over large periods of time (as done here) risks loss
and/or gain) of participants as they may  transfer schools, variation
n recorded observations due to device failure or non-compliance,
s well as uncertainty in measures of location and physical activity
iven technological limitations of the measurement devices. Given
he records of location/activity qualifying for analysis after account-
ng for these issues, it is likely that a 3–7 day observation period for
ounger populations is insufﬁcient. Rather, future studies should
onsider analysis periods spanning at least two  weekend peri-
ds, i.e. at least 10–15 days to ensure that adequate data remains
ending any disruptions in the collection process. With rigorousban Planning 151 (2016) 21–32 31
adherence to protocol for the lengthy data collection period, this
study was able to characterize the variability in location of MVPA
and demonstrate the importance of MVPA close to home but also
show the importance of vegetated parks/open space as a vital envi-
ronment for children’s MVPA.
The relationship between vegetated parks/open space and built
residential with time in MVPA across all time periods speaks to
the importance of these areas in land use planning. The less time
spent in parks despite this relationship indicates that these may  be
an important setting for increasing youth physical activity. There-
fore, providing better access to vegetated parks/open space from
built residential and institutional areas could be an important strat-
egy for increasing children’s physical activity. Moreover, given the
time children spend in built residential and institutional LULC,
these areas should be of general interest to those seeking ways
of enhancing children’s MVPA levels since it is likely that children
of this age group are more constrained to these LULC given their
dependence on caregiver routines and availability. Although the
locational distribution of children within a community is some-
thing that is always changing, the results of this study suggest that
those charged with urban planning and design could improve chil-
dren’s potential for MVPA by creating the right spaces at the right
places.
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